Filifactor alocis is a recently recognized periodontal pathogen; however, little is known regarding its interactions with the immune system. As the first-responder phagocytic cells, neutrophils are recruited in large numbers to the periodontal pocket, where they play a crucial role in the innate defense of the periodontium. Thus, in order to colonize, successful periodontal pathogens must devise means to interfere with neutrophil chemotaxis and activation. In this study, we assessed major neutrophil functions, including degranulation and cell migration, associated with the p38 mitogen-activated protein kinase (MAPK) signaling pathway upon challenge with F. alocis. Under conditions lacking a chemotactic gradient, F. alocischallenged neutrophils had increased migration compared to uninfected cells, indicating that F. alocis increases chemokinesis in human neutrophils. In addition, neutrophil chemotaxis induced by interleukin-8 was significantly enhanced when cells were challenged with F. alocis, compared to noninfected cells. Similar to live bacteria, heat-killed F. alocis induced both random and directed migration of human neutrophils. The interaction of F. alocis with Toll-like receptor 2 induced granule exocytosis along with a transient ERK1/2 and sustained p38 MAPK activation. Moreover, F. alocis-induced secretory vesicle and specific granule exocytosis were p38 MAPK dependent. Blocking neutrophil degranulation with TAT-SNAP23 fusion protein significantly reduced the chemotactic and random migration induced by F. alocis. Therefore, we propose that induction of random migration by F. alocis will prolong neutrophil traffic time in the gingival tissue, and subsequent degranulation will contribute to tissue damage.
P
eriodontitis is a multifactorial chronic inflammatory disease induced by a dysbiotic polymicrobial community of bacteria (1, 2) . It is the sixth most common infectious disease worldwide, and over half the U.S. population will experience some form of periodontal disease (3) . Additionally, accumulating epidemiological and mechanistic studies established an association between periodontal disease, periodontal pathogens, and serious systemic conditions, including pneumonia, cardiovascular disease, preterm-low-birthweight delivery, and some forms of cancer (2, 4, 5) .
Recent human oral microbiome studies reveal an abundance and diversity of fastidious and yet-to-be cultivated taxons, many of which show a strong correlation with disease severity (6, 7) . Nonetheless, the contribution to disease by these newly appreciated organisms has been overshadowed by the more readily cultivable species, and appreciation of their pathogenicity is just beginning to emerge (8, 9) . Filifactor alocis is a slow-growing, Gram-positive anaerobe that is consistently found at increased frequency and in elevated numbers at periodontal disease sites compared to healthy sites in culture-independent studies (7, (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . In vivo, F. alocis is found in subgingival biofilms (21) , and the organism positively correlates with other periodontal pathogens, such as Porphyromonas gingivalis, forming a co-occurrence group that is enriched across different oral habitats (22) . In vitro, the organism also participates in synergistic community formation with other common periodontal bacteria (12) . Notably, F. alocis is relatively resistant to oxidative stress (16) , can produce trypsin-like proteases (16) , and can invade and induce the secretion of proinflammatory cytokines from gingival epithelial cells (11) , properties which could contribute to its pathogenicity in the periodontal pocket.
Neutrophils are the core phagocytic defenders of the periodontal pocket and are recruited in large numbers after adhesion to, and transmigration through, blood vessel walls (23) . As a major component of the innate host response, neutrophils contribute to the maintenance of periodontal health by protecting the tissue against bacterial infection (24) . Indeed, defects in neutrophil recruitment or function, such as neutropenia, leukocyte adhesion deficiency (LAD), and Chediak-Higashi syndrome, strongly predispose the affected individuals to periodontitis (25) . Directional movement, or chemotaxis, of neutrophils toward sites of injury and inflammation occurs by sensing and deciphering a chemoattractant gradient (26) (27) (28) (29) (30) . Neutrophils are able to respond to signals from both intermediary chemoattractants (such as interleukin-8 ), which are encountered upon travel to sites of infection and inflammation, and from end-target cellular chemoattractants (such as formylated bacterial peptides, like fMLF), operating at the site of infection (28, 30, 31) . A high concentration of chemoattractants is an indication to neutrophils that the cells had arrived at their final destination, and the process of phagocytosis and oxygen-independent and -dependent killing begins (28) .
In the inflamed periodontal tissue, chemotactic factors like IL-8, as well as bacterially derived products, such as fMLF, will be abundant and guide neutrophils from the blood vessels and through the gingival tissue toward the periodontal pocket. During this cell migration process, neutrophil granule exocytosis will take place and contribute to gingival tissue damage. Given the importance of neutrophils in innate defense of the periodontium, successful periodontal pathogens, both individually and in the context of dysbiotic communities, have devised means to interfere with neutrophil chemotaxis and/or bacterial killing abilities (9, 23) .
In this study, we show for the first time that F. alocis interaction with human neutrophils results in enhanced random migration and chemotaxis toward IL-8. In addition, F. alocis, through Tolllike receptor 2 (TLR2) activation, induced extracellular signalregulated kinase (ERK) and p38 mitogen-activated protein kinase (MAPK) phosphorylation, which preceded the enhanced random migration and stimulated neutrophil granule exocytosis. Moreover, F. alocis-mediated neutrophil migration was dependent on the bacterium-induced degranulation.
MATERIALS AND METHODS
Neutrophil isolation. Neutrophils were isolated from blood of healthy donors using plasma-Percoll gradients as previously described (32) and in accordance with the guidelines approved by the Institutional Review Board of the University of Louisville. Microscopic evaluation of the isolated cells showed that Ͼ95% of the cells were neutrophils. Trypan blue exclusion indicated that Ͼ97% of cells were viable.
Bacterial strains and growth conditions. F. alocis ATCC 38596 was cultured in brain heart infusion (BHI) broth supplemented with L-cysteine (0.1%) and arginine (0.05%) for 7 days anaerobically at 37°C as previously described (27, 33) . Heat-killed F. alocis was generated by incubation at 90°C for 60 min.
TAT-SNAP23 fusion protein. Fusion proteins were created as previously described (32) . Escherichia coli BL21-AI cells (Invitrogen) were transformed to overexpress the recombinant TAT fusion proteins. Purification of TAT-SNAP23 was performed by sonication and lysis of the bacterial pellet with a denaturing buffer (7 M urea, 0.5 M NaCl, 50 mM NaPO 4 [pH 8], 20 mM imidazole), followed by protein separation from the supernatant by nickel-nitrilotriacetic acid (Ni-NTA) beads (Invitrogen). Protein eluted from the beads was dialyzed against 10% glycerol, 0.01% Triton X-100 in phosphate-buffered saline (PBS), pH 7.4, and stored at Ϫ80°C until use.
Neutrophil chemotaxis. Freshly isolated neutrophils (4 ϫ 10 6 cells/ ml) were left unstimulated, challenged with F. alocis (multiplicity of infection [MOI] of 10), challenged with zymosan (2 to 3 particles per cell; Life Technologies), pretreated with TAT-SNAP23 (0.9 g/ml, 10 min) followed by F. alocis challenge, or pretreated with TAT-SNAP23 followed by zymosan challenge at 37°C for 30 min. After appropriate treatment, 100 l of cell suspension was added to the upper chamber of the transwell inserts contained in 24-well plates (VWR, Corning). Chemotaxis was initiated by adding 600 l of chemoattractants into the lower chamber. The chemoattractants used were fMLF (100 nM; Sigma) and IL-8 (100 ng/ml; Sigma), along with supernatants collected from unstimulated or F. alocischallenged neutrophils (MOI of 10; 1, 4, and 20 h). After 30 min, the transwell membranes were stained with a HEMA 3 stain set kit by following the manufacturer's instructions (Thermo Fisher Scientific). Chemotaxis was assessed by light microscopic examination (magnification, ϫ100; VWR compound trinocular microscope) of the underside of the membrane. The average number of cells from a total of 10 fields was determined, and data were normalized by the area of the membrane circle and field of view.
ERK1/2 and p38 MAPK phosphorylation. Phosphorylation of ERK1/2 and p38 MAPK was determined as previously described (32, 34 , 21 g/ml aprotinin, and 5 g/ml leupeptin). Cell lysates were separated by 4 to 12% gradient or 10% SDS-PAGE and immunoblotted with antibodies to phospho-ERK1/2, total ERK1/2, phospho-p38 MAPK, or total p38 MAPK (Cell Signaling), all at 1:500. The appropriate secondary antibodies were used at 1:5,000 (Santa Cruz). The ECL system (Amersham Pharmacia Biotech) was used to visualize antigen-antibody reactions. Densitometric values of each band were calculated using ImageJ software.
Neutrophil granule exocytosis. Neutrophils (4 ϫ 10 6 cell/ml) were incubated with buffer (basal) or with F. alocis at an MOI of 10 for 30 min, with fMLF (300 nM, 5 min; Sigma) or tumor necrosis factor alpha (TNF-␣; 2 ng/ml, 10 min; R&D Systems) followed by fMLF (300 nM, 5 min), or with latrunculin-A (1 M, 30 min; Sigma) or latrunculin-A followed by fMLF. Inhibitors, with which cells were pretreated for 30 min, were SB-203580 (3 M), anti-TLR2 antibody (50 g/ml; clone TL2.1; BioLegend), anti-TLR4 antibody (50 g/ml; clone HTA125; BioLegend), and isotype control IgG2a kappa (50 g/ml; clone MOPC-173; BioLegend). For evaluating the potential role of TLR4 in F. alocis-induced exocytosis, neutrophils were left unstimulated, stimulated with ultrapure lipopolysaccharide (LPS; 100 ng/ml, 60 min; ENZO Life Sciences), or pretreated with TLR4 signaling inhibitor CLI-095 (1 g/ml, 15 min; Invivogen) followed by challenge with either LPS (100 ng/ml, 60 min) or F. alocis (MOI of 10, 30 min). For blocking granule exocytosis, neutrophils were pretreated with TAT-SNAP23 for 10 min, followed by stimulation with fMLF, F. alocis, or zymosan. Exocytosis of secretory vesicles, specific granules, and azurophil granules was determined by measuring the increase in plasma membrane expression of phycoerythrin (PE)-conjugated anti-human CD35 (clone E11; BioLegend), fluorescein isothiocyanate (FITC)-conjugated anti-human CD66b (clone G10F5; BioLegend), and FITC-conjugated anti-human CD63 (clone AHN16.1/ 46-4-5; Ancell Corporation). Antibody reactivity was measured with a BD FACSCalibur flow cytometer (Becton Dickinson). Extracellular release of myeloperoxidase (MPO) was determined as the NaN 3 -inhibitable isoluminol chemiluminescence in the presence of an exogenous source of hydrogen peroxide. Chemiluminescence was continuously measured under the different experimental conditions at 37°C for 10 min as previously described (32) . Supernatants from the different experimental conditions were collected, and the extracellular release of albumin and lactoferrin was determined by enzyme-linked immunosorbent assay (ELISA) (Abcam).
Statistical analysis. For all of the experimental conditions tested in this study, the statistical analysis used was a one-way analysis of variance (ANOVA) with the Tukey-Kramer multiple-comparison test (GraphPad Prism Software, San Diego, CA, USA). Differences were considered statistically significant at a P value of Ͻ0.05.
RESULTS
F. alocis challenge of human neutrophils resulted in stimulated cell migration with and without directionality. Neutrophil migration toward sites of infection is a key early event in the process of protection against pathogenic microorganisms, and in peri-odontal disease, neutrophils are recruited in high numbers into the gingival tissues and crevicular fluid to control and combat the bacterial infection (35) . However, neutrophils from chronic periodontitis patients show dysfunctional chemotactic function which increases the cell transit time in the gingival connective tissue, promoting collateral tissue damage (36) . Using a mouse chamber model, we recently showed that F. alocis infection resulted in rapid neutrophil infiltration to the site of infection (10) . To determine whether F. alocis interaction with human neutrophils can impact neutrophil migration, chemotaxis assays were performed using the transwell system. Assessed by light microscopic analysis and cell migration quantification, unstimulated cells showed minimal cell migration in the absence of a chemotactic source, whereas there was significant neutrophil migration toward the potent chemotactic formylated peptide fMLF, as expected (Fig. 1A) . Interestingly, F. alocis-challenged neutrophils showed significant migration toward buffer alone compared to unstimulated cells (Fig. 1A) , which indicates that the bacterial challenge increased random cell migration in the absence of a chemoattractant source. However, migration toward fMLF was similar under all conditions regardless of bacterial challenge. Thus, we sought to determine if the random migration induced by F. alocis would have no impact on directed migration independent of chemotactic source. Since IL-8 is an important chemotactic factor involved in neutrophil recruitment to the site of periodontal infection (23), we examined the impact of F. alocis challenge on IL-8-dependent neutrophil chemotaxis. Unlike what was observed with fMLF, the F. alocis-challenged cells showed a significant increase in chemotaxis toward IL-8 compared to unstimulated cells (Fig. 1B) .
Neutrophils can also be a source of IL-8 as they have preformed IL-8, which is stored in rapid mobilized vesicles (37) , and can also synthesize the chemokine upon stimulation (38) . To determine if the enhanced migration observed after F. alocis stimulation could be related to the release of IL-8 from the stored pools, neutrophil supernatants were collected after 60 min of bacterial challenge and added to the lower chamber of the transwell system. As shown in Fig. 1C , supernatant collected after 60 min of F. alocis challenge did not induce neutrophil migration, whereas both fMLF and IL-8 induced significant neutrophil chemotaxis. In addition, we were unable to detect IL-8 levels in the supernatant collected after 60 min of F. alocis challenge (data not shown), arguing against the possibility of an autocrine IL-8 effect induced by F. alocis responsible for the increased chemotaxis.
We next examined if bacterial viability is critical for inducing neutrophil motility by challenging cells with viable or heat-killed F. alocis. Both viable and heat-killed F. alocis-challenged neutrophils displayed significantly enhanced random migration in the absence of a chemotactic source (Fig. 1D) , no difference in directed migration toward fMLF compared to unchallenged control cells (Fig. 1E) , and enhanced chemotaxis toward IL-8 (Fig. 1F) . Collectively these results indicate that the heat-stable cell wall components from F. alocis stimulate random migration in the absence of a chemotactic source and enhance the migration of neutrophils with directionality toward intermediary chemoattractants, such as IL-8.
F. alocis interaction with human neutrophils induced granule exocytosis through TLR2 with ERK and p38 MAPK activation. Components of Gram-positive bacteria are usually recognized by Toll-like receptor 2 (TLR2), which is expressed by , can induce neutrophil random migration by triggering extracellular signal-regulated kinase (ERK) and p38 mitogen-activated protein kinase (MAPK) signal transduction pathways (40) . To examine the ability of F. alocis to activate the MAPK signaling pathways, phosphorylation of ERK1/2 and p38 MAPK was measured by immunoblot analysis. Figure 2A and B shows that F. alocis infection increased the levels of ERK1/2 and p38 MAPK phosphorylation in neutrophils, with maximum activation reached at 15 min for ERK1/2 and 30 min for p38. By 60 min after F. alocis challenge, a decrease in both ERK1/2 and p38 MAPK phosphorylation was observed. To further characterize the dependence of F. alocis-induced MAPK signaling on TLR2 recognition, the bacterium-receptor interaction was blocked by a TLR2 monoclonal antibody (MAb). Figure 3 , lane 3, shows that blocking TLR2 significantly inhibited F. alocis-induced phosphorylation of ERK1/2. A similar inhibitory trend, although not reaching statistical significance, was observed for p38 MAPK phosphorylation. These results indicate that the F. alocis-induced ERK1/2 signaling pathway is TLR2 dependent.
In addition to its role in MAPK signaling pathways, TLR activation can also induce other neutrophil functions, such as exocytosis of neutrophil granules, which has been linked to chemotaxis (33, 39, 41, 42) . The exocytosis of secretory vesicles and specific granules increases not only the number but also the diversity of the receptor repertoire on neutrophil plasma membrane and facilitates cell firm adhesion and extravasation from the blood to the tissue (43) . Hence, to examine whether F. alocis-enhanced random migration in the absence of a chemotactic source could be linked to granule mobilization, the increases on the cell plasma membrane of secretory vesicles and specific granule markers were determined by flow cytometry. Stimulation of neutrophils for 30 min with F. alocis resulted in a significant secretory vesicle release similar to the exocytosis induced by fMLF (Fig. 4A) . In addition, specific granule exocytosis, as measured by expression of CD66b on the plasma membrane, was significantly increased by F. alocis stimulation (Fig. 4B) . Activation of p38 MAPK has been associated with cell migration and with TNF-and LPS-induced neutrophil granule exocytosis (33) . In order to test the involvement of p38 MAPK signaling in F. alocis-stimulated granule exocytosis, neutrophils were pretreated with the p38 inhibitor SB-203580 before bacterial challenge. Figure 4C and D shows that blocking p38 MAPK resulted in a significant decrease of secretory vesicles and specific granule exocytosis. To confirm that F. alocis-induced upregulation of CD35 and CD66b at the plasma membrane was accompanied by the release of granule content, the extracellular release of albumin and lactoferrin, respectively, was determined by ELISA. Figure 4E and F show that F. alocis induced significant release of both albumin and lactoferrin in a p38 MAPK-dependent manner. These results demonstrate that F. alocis challenge triggered secretory vesicles and specific granule exocytosis, and that the process was p38 MAPK dependent.
Chemotactic factors can induce the release of azurophil granule components such as ␤-glucuronidase (44), and the contribution of lysosome exocytosis and fusion with the plasma membrane, through the regulation of Rab27a, to the promotion of cell migration has been established (42) . Hence, exocytosis of azurophil granules upon F. alocis challenge was measured by both the increase of plasma membrane expression of the granule marker CD63 by flow cytometry and the release of the granule component myeloperoxidase (MPO). Figure 5A and B show that F. alocis challenge did not induce azurophil granule exocytosis. Moreover, increasing the amount of bacteria per neutrophil from an MOI of 10 to 50 did not result in azurophil granule mobilization, measured both by upregulation of the granule marker (Fig. 5A) and by the release of MPO (Fig. 5B) .
Our data thus far show that F. alocis interaction with human neutrophils results in TLR2-mediated phosphorylation of ERK1/2 and p38 MAPK, although the latter may not be solely dependent on TLR2. Moreover, F. alocis induced the exocytosis of secretory vesicles and specific granules through activation of the p38 MAPK signaling pathway. Hence, we wanted to determine if upstream of the p38 MAPK signaling pathway, F. alocis interaction with TLR receptors could be the initial trigger that induces granule release. Figure 6A shows that blocking TLR2 with MAb resulted in a significant inhibition of F. alocis-induced secretory vesicle exocytosis, as measured by expression of CD35 on the plasma membrane, whereas TLR4 MAb had a minimal inhibitory effect. Similarly, F. alocis-induced specific granule exocytosis was inhibited to the same extent in anti-TLR2 treated cells (data not shown). To provide additional evidence for a lack of TLR4 activation by F. alocis, a pharmacologic inhibitor, CLI-095, which blocks the intracellular domain of TLR4 (45) , was used with lipoprotein-free LPS as a control. Figure 6B shows that, as expected, blocking TLR4 signaling resulted in a significant inhibition of LPS-induced secretory vesicle exocytosis. In contrast, and concordant with the anti-TLR4
FIG 2 F. alocis-induced ERK1/2 and p38 MAPK activation in human neutro-
phils. Neutrophils were unchallenged (basal), stimulated with fMLF (300 nM, 1 min), or challenged with F. alocis for the indicated times. Cells were lysed, and proteins were separated by SDS-PAGE and immunoblotted for phosphop38 (P-p38) or phospho-ERK1/2 (P-ERK1/2). Blots were stripped and reblotted for total p38 (p38) or total ERK1/2 (ERK1/2), respectively. (A) Representative immunoblot of 5 independent experiments. (B) Densitometric analysis of the 5 immunoblots for P-p38 or P-ERK1/2 normalized to the total amount of p38 or ERK1/2, respectively. Data are expressed as the mean ratio Ϯ SEM of phosphorylated to total kinase. data, chemical blocking of TLR4 resulted in a minimal inhibition of F. alocis-induced secretory vesicle exocytosis. These results show that F. alocis stimulation of both secretory vesicles and specific granule exocytosis is TLR2 and p38 MAPK dependent.
Blocking neutrophil degranulation inhibits F. alocis-induced neutrophil cell migration. Both p38 MAPK activation and neutrophil granule exocytosis play a key role in early-stage neutrophil responses, such as diapedesis and chemotaxis (33, 42) . Therefore, we sought to assess whether neutrophil granule exocytosis played a role in F. alocis-induced neutrophil migration in the presence or in the absence of a chemotactic source. Neutrophil degranulation can be blocked, without affecting neutrophil phagocytic ability and activation of p38 MAPK, by using the TAT-SNAP23 fusion protein (32) . First, we wanted to confirm that the TAT-SNAP23 pretreatment would block F. alocis-induced granule exocytosis. Figure 7A and B shows that the TAT-SNAP23 fusion protein, as previously characterized (32), significantly blocked fMLF-stimulated secretory vesicles and specific granule exocytosis. Moreover, our data showed that the TAT-SNAP23 fusion protein also significantly blocked F. alocis-induced secretory vesicles and specific granule exocytosis (Fig. 7A and B) and had no nonspecific effect when using a stimulation procedure, in this case with zymosan, that did not induce granule exocytosis. Upon verification that TAT-SNAP23 was significantly blocking F. alocisinduce granule exocytosis, we tested the effect on cell migration. Figure 7C shows that treatment of unstimulated cells with the TAT-SNAP23 fusion protein reduced the number of neutrophils crossing the membrane toward fMLF, which further emphasizes the role of granule exocytosis in neutrophil chemotaxis. On the contrary, when zymosan was used to stimulate neutrophils, the particulate stimuli induced chemotaxis toward IL-8, but pretreatment with the TAT-SNAP23 fusion protein had no effect on zymosan-induced chemotaxis (Fig. 7D) . However, as shown in Fig.  7E , blocking neutrophil degranulation with TAT-SNAP23 resulted in a significant inhibition of F. alocis-induced random migration in the absence of a chemotactic source. In addition, blocking granule release significantly reduced the ability of F. alocis-challenged neutrophils to migrate toward both chemotactic sources, fMLF and IL-8 ( Fig. 7E and F ). These results demonstrate that when granule exocytosis is involved in cell migration, pretreatment with the TAT-SNAP23 fusion protein prevents exocytosis-mediated cell migration. Collectively, these data suggest that the enhanced migration of F. alocis-challenged neutrophils observed in the presence or in the absence of a chemotactic source is due in part to the p38 MAPK-dependent granule exocytosis induced by the bacterial challenge.
DISCUSSION
Given the importance of neutrophils in innate defense of the periodontium, successful periodontal pathogens, both individually and in the context of dysbiotic communities, have devised means to interfere with neutrophil chemotaxis and killing (9, 23) . Furthermore, congenital diseases, such as leukocyte adhesion deficiency, that impair neutrophil chemotaxis result in severe peri- odontitis at an early stage in life (46, 47) . In the mouse subcutaneous chamber model of infection, the newly appreciated periodontal pathogen F. alocis elicits a local inflammatory response with extensive neutrophil recruitment as well as spread to remote tissues, inducing lung edema with neutrophil recruitment and causing acute kidney injury (10) . However, very little is known about the pathogenic nature of F. alocis and its interaction with the innate immune system. In the present study, we showed that F. alocis interaction with human neutrophils, through TLR2 recognition, resulted in enhanced random and directed migration and degranulation via activation of the p38 MAPK signaling pathway. Degranulation and p38 MAPK activation induced by F. alocis were major contributors to the enhanced cell migration. Based on our data, a schematic model for neutrophil degranulation and enhanced migration in response to F. alocis challenge is proposed in Fig. 8 .
In the periodontal pocket there is a continual influx of neutrophils that decipher and migrate through a chemotactic gradient. Our results showed that F. alocis interaction with human neutrophils resulted in a significant increase in random migration. Preexposure to F. alocis did not affect the ability of the cells to migrate with directionality toward fMLF, which is consistent with previous observations of human neutrophils challenged with either TLR2/1 or TLR4 agonists such as P 3 CSK 4 or LPS, respectively (40) . In an inflamed tissue, different neutrophil chemotactic products, such as IL-8 and formylated peptides, and complement products, such as C5a, are produced by different sources; however, neutrophils efficiently transit toward the end target by migrating in sequence from one chemotactic source to another (48). Fan and Malik showed that neutrophils activated by the TLR4 agonist LPS display enhanced migration toward IL-8 by modulating CXCR2 expression and preventing receptor desensitization (49) . We found here that F. alocis significantly enhanced neutrophil chemotaxis toward IL-8 through TLR2 activation. Hence, both TLR2 and TLR4 activation of neutrophils can result in enhanced migration toward IL-8. Another important signaling mechanism linked to neutrophil chemotaxis toward IL-8 or fMLF is differential activation of the two integrin molecules MAC-1 and LFA-1 (50) . Activation of LFA-1 or MAC-1 enhances neutrophil chemotaxis toward IL-8 or fMLF, respectively (50). Therefore, it is possible that F. alocis-enhanced chemotaxis toward IL-8 is due to LFA-1 activation. In addition, F. alocis-induced secretory vesicle exocytosis would increase the number and variety of receptors on the cell plasma membrane, making neutrophils more prone to mounting an enhanced response upon subsequent stimulation. Moreover, the F. alocis-induced release of specific granule content, which, among other proteins, includes members of the matrix metalloprotease family, such as collagenase and gelatinase, will contribute to tissue damage.
The MAP kinase family signaling components ERK and p38 MAPK play important roles in the regulation of fMLF-induced neutrophil migration (29, (51) (52) (53) , whereas IL-8 stimulation results in activation of the phosphatidyl inositol 3-kinase (PI3K) signaling pathway (54) . Stimulation of neutrophils with TLR2 or TLR4 agonists signals through ERK and p38 MAPK to control random migration and chemotactic activity (40) . Hence, the role of the different kinases in human neutrophil migration is dependent on the agonist. Our study showed that F. alocis triggered activation of both ERK and p38 MAPK but with temporal differences, with ERK activation, which occurred through TLR2, peaking at 15 min, whereas p38 MAPK showed a different phosphorylation pattern, increasing with time and peaking at 30 min. Neutrophils migrate with directionality to sites of infection following increasing concentrations of a chemoattractant, but when the chemoattractant concentrations are elevated, it is an indication that the cells have reached their final destination, so a stop signal is triggered to prevent more migratory movement (55) . The balance between ERK and p38 MAPK activation finetunes neutrophil chemotaxis, as ERK regulates the stop signal and p38 MAPK promotes constant migration by suppression of the stop mechanism (55) . Thus, the phosphorylation pattern of p38 MAPK, along with the transient phosphorylation of ERK induced by F. alocis, would lead to enhanced random migration and chemotaxis toward IL-8 as the result of the constant suppression of the stop signal by p38 MAPK, allowing sustained migration. In addition, fMLF-induced chemotaxis is regulated by ERK and p38 MAPK, and similarly, F. alocis challenge results in activation of both MAP kinases, which suggests that the oral pathogen induces signaling pathways similar to those of fMLF to stimulate neutrophil chemotaxis.
Upon stimulation, neutrophils will mobilize their granules, which will fuse with either the cytoplasmic membrane or the phagosomal membrane, ultimately resulting in functional responses, including exocytosis, extravasation, phagocytosis, and elimination of various microorganisms (56) (57) (58) . Several neutrophil responses, including exocytosis, chemotaxis, respiratory burst activity, and chemokine synthesis, are mediated through the p38 MAPK pathway (33) . Activation of p38 MAPK signaling has also been associated with permitting neutrophils to sense and interpret the chemotactic sources by controlling the surface expression of adhesion molecules, like CD11b and (A) Neutrophils were left unchallenged (basal), challenged with F. alocis (M0I of 10, 30 min), or pretreated for 30 min with either anti-TLR2 MAb, anti-TLR4 MAb, or isotype control (isotype ctrol) followed by F. alocis challenge. (B) Neutrophils were left unchallenged (basal), challenged with LPS (100 ng/ml, 60 min), pretreated for 15 min with CLI-095 followed by LPS challenge, challenged with F. alocis, or pretreated with CLI-095 followed by F. alocis challenge. In both panels, secretory vesicle exocytosis was determined by the increase in plasma membrane expression of the CD35 marker by flow cytometry. Data are expressed as mean mcf Ϯ SEM from 5 independent experiments.
CD66b, and chemoattractant receptors for fMLF and IL-8 (9) . In this study, F. alocis induced secretory vesicle and specific granule exocytosis, which was mediated through TLR2 activation and was dependent on p38 MAPK. Secretory vesicles are organelles that are easy to mobilize and are involved in augmenting the number of receptors and adhesion molecules, like CD11b/CD18, which participate in the adhesion and transmigration process. F. alocis also induced a significant increase in the plasma membrane expression of CD66b, a specific granule marker used to evaluate granule exocytosis, and is involved in adhesion to fibronectin and E-selectin (51). When granule exocytosis was blocked with TAT-SNAP23 fusion protein (32) , both random and directed migration induced by F. alocis challenge were impeded. It is plausible that F. alocis-induced secretory vesicle and specific granule exocytosis contribute to the enhanced chemotaxis toward IL-8 by increasing the availability of CXCR2 receptors as well as neutrophil adhesion capabilities by increasing CD66b plasma membrane expression.
Moreover, we can speculate that in the context of periodontitis, besides the role of granule exocytosis on cell migration, the release of granule content to the extracellular space induced by F. alocis will contribute to tissue damage and disease progression.
Successful periodontal bacteria employ a variety of strategies to compromise neutrophil function. The major outer sheath protein (Msp) of Treponema denticola alters the balance of intracellular phosphoinositide, causing impairment of neutrophil directional migration toward fMLF and inhibition of downstream events, leading to chemotactic responses (59). Msp does not form a pore in neutrophils but remains associated with the plasma membrane, and it triggers "outside-in" signaling that results in inhibition of PI3-kinase activity and an increase in the activity of the phosphatase PTEN. The Msp virulence factor favors neutrophil PTEN activity over PI3K, resulting in a decrease in the amount of the phosphoinositide PIP3, which compromises actin dynamics, preventing the cell from having proper directed che-
FIG 7
Blocking neutrophil granule exocytosis inhibits F. alocis-induced random and directed migration. Neutrophils were left unchallenged (control), stimulated with fMLF (300 nM, 5 min), treated with TAT-SNAP23 (10 min), pretreated with TAT-SNAP23 followed by fMLF stimulation, challenged with F. alocis (30 min), challenged with zymosan (Zy; 30 min), pretreated with TAT-SNAP23 (10 min) followed by F. alocis challenge (TAT-SNAP23 ϩ F. alocis), or pretreated with TAT-SNAP23 followed by zymosan challenge (TAT-SNAP23 ϩ Zy). (A and B) Secretory vesicle and specific granule exocytosis were determined by the increase in plasma membrane expression of the CD35 or CD66b marker, respectively, by flow cytometry. Data are expressed as mean mcf Ϯ SEM from 5 independent experiments. (C to F) Following cell stimulation or bacterial challenge, cells were placed in the upper chamber of the transwell system. After 30 min of incubation, the membrane was stained with a HEMA 3 stain set kit. Chemotaxis was assessed by light microscopic examination (magnification, ϫ100). (C and E) Buffer or fMLF (100 nM) was placed in the lower well. Data are means Ϯ SEM from 5 independent experiments. (D and F) Buffer or IL-8 (100 ng/ml) was placed in the lower well. Data are expressed as mean (ϮSEM) number of migrated cells/insert from 5 independent experiments (D) and from 7 independent experiments (F).
motaxis (59) . The keystone periodontal pathogen, P. gingivalis, generates a local and transient chemokine paralysis by antagonizing the synthesis and release of IL-8 from gingival epithelial cells (60) . The transient suppression of neutrophil recruitment to the gingival tissue facilitates the colonization of the tissue by P. gingivalis and other oral bacteria (61) . Interaction between F. alocis and gingival epithelial cells results in release of IL-8 (11) , and the current study shows that when F. alocis interacts with human neutrophils, there is no significant difference in cell migration toward fMLF compared to unstimulated cells, but there is significantly enhanced migration toward IL-8. Hence, F. alocis may function in obstructing the neutrophil from distinguishing between intermediary (IL-8) and end-target (fMLF) chemoattractants. As it is necessary for neutrophils to eventually migrate toward end-target chemoattractants in order to reach sites of infection, F. alocis manipulation of neutrophils could lead to defective deciphering abilities between chemoattractant sources, leading to constant migration and cell activation, which could contribute to dysregulated and sustained inflammation as well as tissue damage.
In conclusion, we showed that F. alocis significantly induces random and directed migration of human neutrophils toward IL-8. Activation of TLR2 by F. alocis incites a transient ERK1/2 activation and a sustained p38 MAPK activation, which results in exocytosis of secretory vesicles and specific granules. Ultimately, the p38 MAPK-dependent degranulation was responsible for F. alocis-enhanced neutrophil migration, which may contribute to dysbiotic host responses in the periodontium and promote tissue damage by activated neutrophils (Fig. 8) .
